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ABSTRACT
The 105=meter drop tube at the Marshall Space Flight Center has been used in a number
of experiments to determine the effects of containerless, microgravity processing on the
undercooling and solidification behavior of metals and alloys. These experiments have been
limited, however, because direct temperature measurement of the falling drops has no{ been
available. Undercooling and nucleation temperatures are calculated from thermophysical
properties based on droplet cooling models. In most cases these properties are not well
known, particularly in the undercooled state. This results in a large amount of uncertaintv in
the determination of nucleation temperatures. If temperature measurement can be accomplished
then the thermal history of the drops could be well documented. This would lead to a better
understanding of the thermophysical and thermal radiative properties of undercooled melts. An
effort to measure the temperature of a falling drop is under way at Vanderbilt and Marshall
Space Flight Center. The technique uses two-color pyrometry and high speed data acquisition.
The approach will be presented along with some preliminary data from drop tube experiments.
The results from droplet cooling models will be compared with non-contact temperature
measurements.
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1. INTRODUCTION
Deepundercoolingandthesubsequentrapidsolidificationof metalsandalloysleadsto
possiblemetastablephaseformationandmicrostructuralrefinement. For this reason
undercoolingprocessesareof greatinterestto the materialsscientists.Containerless
processingtechniquesareusedto obtain largeundercoolingbelowtheequilibriumfreezing
temperaturein liquid metalsby eliminatingsample/crucibleinteractions incethe crucibleis
often anenergeticallyfavorablenucleationsite for thesolidphase.Droptubesareusedto
providea containerlessaswell asa microgravityenvironmentfor metalsprocessing.
The 105-meterdrop tubeat MarshallSpaceFlight Centerin Huntsville,Ala., hasbeen
usedfor a numberof yearsto investigatecontainerless,microgravityprocessingof refractory
metalsandalloys[1-6]. A schematic of the Marshall drop tube is shown in Figure 1. The
facility is instrumented with an _rcon two=color pyrometer at the top to measure the release
temperature of a drop, and a series of silicon photovoltaic detectors are used to record the
time after release at which solidification and recalescence occur. From this data the
undercooling prior to solidification is calculated. The research reported herein represents the
first attempt to measure the drop temperature by non-contact pyrometry and thereby provide
an independent check on the undercooling calculations.
The experiments were performed in a 10 -5 tort or better vacuum. Drops of approximately
730 mg were melted from 1.57 mm diameter MARZ grade niobium wire (Materials Research
Corporation) in an electron beam furnace. Details of the experimental technique can be found
in references 1, 4, and 6.
2. DROP COOLING MODEL
With knowledge of the drop release temperature and the free fall time to solidification,
the temperature at which nucleation occurs and the undercooling of the drop can be calculated.
Undercooling is the difference between the equilibrium freezing temperature and the actual solid
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phasenucleationtemperature.Theradiativeheatlossof asphereis givenby [7]:
Q = -_aA(T 4 - To 4) (1)
where Q is the rate of heat loss, _ is the total hemispherical emissivity, a is the Stefan-
Boltzman constant, T is the temperature of the drop and T O is the ambient temperature. In
the cooling calculations Q was calculated as a function of temperature and sample mass for
time increments (At) of 0.001 S; hence, the total heat loss (AQ) for n increments is given by:
n
AQ = _ QqAt (2)
q=l
The heat loss is equal to the change in enthalpy (AH) of the sample so that the temperature at
the end of any time increment can be calculated by solving the integral of the liquid heat
capacity from the initial temperature (Ti) to the unknown temperature at the time n:
T
AH = (m/Z) # CpdT (3)AQ
Ti
where Cp is the molar heat capacity of the liquid, m is the sample mass and Z is the atomic
number. By assuming a constant heat capacity the expression is easily integrated and solved
for temperature:
T = (AHZ/mCp) + T i (4)
The assumptions involved in this analysis are that the drop is spherical (since the area is
calculated from the mass and liquid density) and isothermal, the heat capacity is constant and
there is no radiation exchange between the drop and the walls of the tube. Radiation exchange
between the drop and the tube was evaluated according to the method of Incropera and DeWitt
[8] and found to be negligible. Deviations from sphericity are negligible in drop tube samples.
The Biot number for these samples is on the order of 10 -2 so the thermal gradient is less than
10 K from the center to the surface.
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The uncertaintyin coolingcalculationscanbeassessedusingthe methodof Kline and
McClintok[9]. The estimatederrorsin liquid heatcapacity(Cp), thetotal hemispherical
emissivity(e),andinitial releasetemperature(Ti) arefound to governthe uncertaintyof
undercoolingcalculations.Uncertaintydueto thecomputationof areafrom massandliquid
densityandthe uncertaintyin the coolingtime aresmallby comparisonandcanbe ignored.
The uncertainty in nucleation temperature (wT) can be expressed as:
we" t4WTi]2)1/2] 2 _' "_coT = [COTi2 + [(T i _ T)([__] _- + _ + [(T i - T) ___c]"]1'"
e Ti Cp
(5)
where co is the uncertainty of a subscript value. A detailed derivation of this equation can be
found in Reference 6.
The total hemispherical emissivity of solid niobium is given as [10]:
= -0.144 + 2.88 x 10-4T - 4.46 x 10-8T 2 (6)
This value was used for the emissivity of the liquid with an assumed uncertainty of +0.03. The
liquid heat capacity of niobium is 40.4 +2 J-mol-l-K -1 [1 I]. An Ircon two-color pyrometer was
used to measure the release temperature of the drops to _+30 K. The estimated uncertainty in
undercooling calculation from this data is +50 K.
3. THEORY OF NON-CONTACT TEMPERATURE MEASUREMENT
Temperature measurement of a falling drop presents many scientific and technical
problems. Small sample sizes (2-8 mm diameter), the acceleration of a free-falling drop, and
drop drift away from the tube centerline make tracking of the droplet an extremely difficult
task. Reflections from the tube walls add to apparent sample brightness. Consequently,
quantitative measurement of radiant flux from the droplet through a narrow bandpass filter is
problematic. Because of this, continuous single color pyrometry during free fall is considered
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difficult to implementfor reliabledrop tube temperaturemeasurements.Somehope,however,
canbe found in thetheoryof two=colorpyrometry.
The principlesof two-colorpyrometryhavebeenelucidatedby numerousauthors[12-14]
and thetheorywill not bederivedhere. Thefollowingsimplificationof the radiometer
measurementequationis takenfrom G.D. Nutter [15]. For a measurementin a narrowspectral
band,8A, centeredabout A where the spectral radiance, LA varies slowly with direction, the
signal from a photodetector, S, is:
S = An, d_d R(A) r (A) 6A LA (A,T) (7)
where An, d is the projection of the field defining aperture area normal to the optical axis and
d is the solid angle of radiant flux incident on that aperture. R(A) is the responsivity of the
detector and r(A) is the transmittance of the optics. The output of an ideal radiometer is then
directly proportional to the spectral radiance and the first five terms can be expressed as a
constant for a given detector monitoring a given wavelength. Thus:
SA = K(A) LA(A,T) (8)
For a two color pyrometer we have:
S 1 An,di_ d R(AI) r (AI)SA 1 L A (AI,T)
z
S2 An,d_.d R(A2) r (A2)gA 2 L A (A2,T)
(9)
If a beam splitter is used such that the aperture and solid angle are equal for both detectors,
then the equation can be simplified to:
S 1 K'(kl) LA(AI,T)
111
S2 K'(k2) LA(A2,T)
(I0)
with K'(t) given by R(A)r(A)gA. K'(_.I)/K'(Z.2) is therefore the instrument constant and can be
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determinedby calibration. Fromthedefinitionof spectralemissivity,cA,wehave:
S1 K'(_.I) eAlL,_b(AI,T)
S2 K'0.2) _A2LAb(A2,T)
(l[)
whereLAb(A)designatesthe blackbodyspectralradiance.
The importantfactorfrom this discussionis that if a beamsplitter is usedafter thefield
defining aperturethenthe ratioof signalsis independentof thesampledistance.Thesignal
ratiodependsonly on thespectralradianceratioand instrumentconstant. If theratioof
spectralemissivitiesis knownand theinstrumentcalibrated,theequationcanbesolvedfor
temperature.Sincethe measurementis independentof distance,it is a greatadvantagefor
drop tubetemperaturemeasurements,becausethe techniquealleviatesthetrackingproblem.
4. DROPTUBE PYROMETER
In order to test theconceptof ratio pyrometryin thedrop tubeasimpleinstrumentwas
constructedand is shownschematicallyin Figure2. Radiantenergyfrom thedropfallsona
two inch diameterfront surfaceconcavereflectorandis reflectedonto theendof a oneinch
diameterfusedsilica light pipe. The mirror hasa 200mmfocal lengthandisaluminum
coatedwith a magnesiumfluoride overcoat.Thelight pipe is Suprasil(R)with flat, polished
endsanda circumferencepolishedto 0.05microndiamondpaste.Light exitsthepipeto an
Inconelcoated50/50non-polarizingbeamsplittingcube. Thefilters areOriel interference
filters centeredat 900nm(10nm bandwidthat half peak)and655nm(70nmbandwidth).
This combinationwasselectedsothat thedetectorsignallevelswouldbesimilarin the
temperaturerangeof interest. EGG HUV-2000Bphotodiode/op-ampdetectorswith anactive
areaof 23.4mm2 anda 200M_] feedbackresistorwereused.Thesignalfrom thedetectors
wascollectedsequentiallyat 10kHz witha SOLTECdataacquisitionsystemof 12-bit
resolutionwith a sampleandholdtimeof 250ns.
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5. EXPERIMENTAL PROCEDURE
The instrument was placed in the drop tube at the eleventh level, 32 m from the furnace.
In previous tests niobium was found to undercool consistently to a calculated value, AT, of
about 480 K (+12 K at one standard deviation, +50 K uncertainty). At this level of
undercooling the total solidification time is on the order of 0.5 s for the drop sizes used in
this experiment. Therefore, after the initial rapid recalescence the drop will remain at the
equilibrium freezing temperature for this period of time, and the signal ratio should remain
constant. The instrument was tested in this manner.
6. EXPERIMENTAL RESULTS
6.1 TWO-COLOR RESULTS
A total of 12 drops was recorded. Figure 3 shows the signal ratio calculation for one of
the better experiments. The sharp increase at about 90 ms is due to recalescence. The mean
signal ratio at the melting temperature for all 12 drops was 1.163 -+0.05 (one standard
deviation). There was a slight decreasing trend of ratio with distance from the pyrometer.
Correcting for this factor the instrument was able to measure the freezing temperature to
+50 K (one standard deviation).
As can be seen in Figure 3, the ratio decreases sharply at 280 ms where the drop should
maintain a constant temperature until about 600 ms. In addition a consistent dip in the ratio
and a rise in both channels at 650 ms past the pyrometer, which corresponds to the position of
a flange in the drop tube, was observed. This flange causes the 900 nm wavelength signal to
increase more than the 650 nm wavelength. It is clear from these results that spectral
reflections in the drop tube prevent accurate temperature determination with two-color
pyrometry. Therefore, the drop tube must be coated with a non-reflecting surface before the
two-color technique can be exploited. More consistent results were found when the data was
evaluated using each channel as a single color pyrometer.
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6.1 SINGLE COLOR DATA EVALUATION
The radiometer measurement equations (7 & 8) allow the evaluation of the instrument
constant K(_) for observation of an object of known spectral radiance. Since An, d and _d are
different for each drop's position, K and the signal level are now a function of an adjustable
geometric parameter (x) and equation 8 must be modified. We now have:
S i = Ki(,_,xi) L_(A,T) (12)
where x i corresponds to a particular geometric configuration or drop position. This factor
changes with distance and radial position in the tube.
AGE 20A/T24/2 tungsten strip lamp calibrated at NBS in 1980 for radiance temperatures
at 655 nm was used for pyrometer calibration. Fused silica condenser and focusing lenses were
used to image the desired portion of the filament on a l mm aperture. The pyrometer assembly
including the mirror was calibrated at seven distances from the aperture to the mirror (0.9 to
1.9 meters, corresponding to signal levels in the linear range of the detector assembly) and
nine spectral radiance temperatures at each distance. This procedure is accurate (_+5 K) for
,_ = 655 nm since the strip lamp was calibrated for blackbody spectral radiance at that
wavelength. To determine the spectral radiance at )_ = 900 nm the tungsten emissivity data of
DeVos [16] was used with a contributing error of _+15 K.
From the laboratory calibration data it is possible to define seven instrument constants
for the seven calibration distances at 655 and 900 nm. Instrument constants for each
temperature agreed to better than 0.5% at a given distance (or geometrical configuration) and
wavelength. Since the detector response is linear with incident power, K i at constant )_ and T
vary linearly with signal level and can be described to better than I% by a single slope.
With knowledge of the radiance melting temperature of pure niobium, K i for a particular x i can
be uniquely defined by the signal level at the melting point of niobium in the drop tube.
Figure 4 shows a typical trace of data from one channel. The time of nucleation is
designated as tn. Rapid recalescence occurs after nucleation and continues for approximately
200-,100 _s. Recalescence can be distinguished from reflections in the tube because of the
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rapidrise time. Reflectionsoccurovertensof milliseconds.At onemillisecondafter
nucleationthe drop is closeto the meltingtemperatureandthe datafrom tn+l msto in÷2ms
wasaveragedand takenasthesignallevelat themeltingpoint. This is usedto defineKi for
the drop position,xi, at this time. Thedrop is movingat about25m persecondandin 2 ms
movesonly 5 cm awayfrom thedetector,andits radial positionhasnegligiblechange.
Hence,thegeometricalconfigurationfactor xi andKi arevery closeto thesamejust before
andjust after tn. Therefore,the instrumentconstantcanbe usedto determinetheradiance
temperatureat nucleation.Theinstrumentconstantsderivedfrom the niobiumequilibrium
meltingpoint datain thedrop tubearea function of freefall time. By plotting Ki asa
function of tn it was found that the correction to nucleation temperature determination due to
the 2 ms of free fall was less than 3 K. In this manner the nucleation radiance temperature at
655 nm and 900 nm was measured for each drop.
6.2 SINGLE COLOR RESULTS
The data used in calculating the nucleation radiance temperature is listed in Table 1. It
is interesting that the scatter in the nucleation radiance temperature data (_+4 K, one standard
deviation ) is much less than the scatter in the calculated undercooling (+12 K, one standard
deviation). A plot of the melting and nucleation radiance temperature data is shown in
Figure 5.
If the melting temperature of niobium is taken as 2741 K. then the spectral emissivity at
655 nm and 900 nm can be calculated at the melting temperature from the melting radiance
temperature data [17]. These values are _655 = 0.355 and _900 = 0.321. If these spectral
emissivities are used for the undercooled liquid to calculate the true nucleation temperature
from pyrometer measurements we have 2341 K indicated for 655 nm and 2329 K for 900 nm,
which correspond to undercoolings of 400 K and 412 K, respectively.
191
7. DISCUSSIONOF RESULTS
Thesinglecolor drop tubepyrometrydataindicatesthere is an80K discrepancybetween
the measurednucleationtemperatureandthenucleationtemperaturecalculatedusingthedrop
coolingmodel. This differenceis greaterthanthecombineduncertaintyof eithertechnique.
indicatingthat problemsmayexistwith thedropcoolingmodel. It issignificantthat the
scatterin nucleationtemperaturesis lesswith thenon=contactmeasurement.Nucleation,
whetherhomogeneousor heterogeneous,i expectedovera rangeof temperaturesdependingon
theactivationenergybarrierandpre-exponentialterm in thenucleationrateexpression[18].
Previousdrop tubeexperimentsusingthedropcoolingmodelhaveshowntherangeto be20-
30K for puremetals,but thenon-contactemperaturemeasurementdatafrom thisexperiment
indicatethespreadis muchnarrower.
7.1 PYROMETRYMEASUREMENT
The nucleation radiance temperature measurement at 655 nm has a high confidence level.
The calibration of the 20A/T24 strip lamp at 655 nm is unfortunately eight years old. The
lamp has had 30 hours use in that time and drift of l°C per 10 hours has been reported [19].
The measurement, however, relies on a relative change in radiance, the true reference being
the melting temperature of pure niobium. The true temperature of a drop 1-2 ms after
nucleation can be estimated by modeling the heat flow during rapid recalescence of
undercooled metallic droplets, which has been done by Levi and Mehrabian [20]. The external
heat flow from the drops in this experiment is less than 103 W-m-2"s -! so that recalescence
effects are considered independent of the surrounding heat flow. At undercooling levels of
400 K aproximately 60% of the drop will solidify in the initial rapid recalescence phase. Using
the Levi and Mehrabian models for a single nucleation event and plane front solidification the
average drop temperature would be 12-15 K below the melting temperature after rapid
recalescence, and large thermal gradients exist between the solid and remaining liquid. These
drop tube samples, however, solidify dendritically with tip velocities around 20 m's "1 [21]. This
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increasestheinterfacialareaby ordersof magnitudeoverthe planefront modelandhasan
effecton temperaturedistributionsimilarto Levi and Mehrabian's model for multiple nucleation
primarily because of the decreased thermal diffusion distance. These models predict drop
temperatures within 2-3 K of the melting temperature after recalescence. Thus, the true
temperature of the drop in the drop tube is very close to the melting temperature after rapid
recalescence. Departures from the melting temperature in the drop after recalescence will
slightly underestimate the degree of undercooling using single color pyrometry as described.
Given the excellent linearity (<1.0% deviation) of the detector/op-amp combination and the
consistent K i evaluations at different wavelengths, distances and temperatures (better than
1.0%), it is reasonable to assume a 2°.6 accuracy in 655 nm spectral radiance measurements at
the nucleation temperature. This corresponds to 4-5 K in radiance temperature determination at
655 nm. The 900 nm radiance temperature determination has greater uncertainty since a
secondary source was not available for calibration at this wavelength. Calculation of the true
nucleation temperature from the nucleation radiance temperature measurement requires an
assumption for spectral emissivity values at the nucleation temperature. This is problematic,
since no data exist for the spectral emissivity of undercooled liquid niobium. The change in
spectral emissivity from the melting temperature to the nucleation temperature should be small
and somewhat lower than the value at the melting temperature. Using the spectral emissivity
values at the melting temperature for calculation of the true nucleation temperature will result
in a slight overestimation of the undercooling. Considering all the above factors, the
measured true undercooling (AT) is:
AT =400 K..+I5 K
With this confidence in the temperature measurement the cooling calculation must be
viewed with some skepticism.
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7.2 DROP COOLING MODEL
The release temperature accuracy was quoted as +30 K. We have seen that the scatter in
calculated undercooling is three times the scatter in measured undercooling. Since heat
capacity and total emissivity estimates in the calculations do not change, the increased scatter
is probably clue to inaccuracies in release temperature measurement. Thermal gradients within
the clrop in the furnace limit the ability to determine the starting enthalpy. One known
boundary condition is the solid wire-liquid drop interface which must be at the melting
temperature. Also, reflections from the tungsten filament may cause overestimation of release
temperature. These two facts, however, would cause the drop enthalpy to be overestimated and
shift the drop cooling calculation toward lesser values of undercooling. It is clear that the
enthalpy of the drop at release should be measured independently by drop calorimetry.
The use of equation 6 for liquid total emissivity is probably an overestimation of
emissivity because of the decrease in surface roughness of a liquid drop. The magnitude of
this overestimation is not clear. A decrease of 20% would be required for agreement with
measured undercooling. The assumption of constant liquid heat capacity could also be in error
[22]. Little data exists for undercooled heat capacities, but some models suggest that liquid
heat capacity does increase with undercooling [23]. The quoted uncertainty in the liquid heat
capacity was 2.5%. A constant heat capacity 20% higher than the value used would be
necessary for agreement between calculated and measured values. Possibly, a combination of
the above difficulties results in the discrepancy between drop cooling calculations and measured
values from single color pyrometry.
8. CONCLUSIONS
While two=color pyrometry of falling drops appears feasible, the technique cannot be
demonstrated because of reflections in the drop tube. This problem is being addressed by the
installation of a non-reflecting sleeve in a portion of the drop tube. The nucleation temperature
of undercooled niobium can be measured, however, by using single color techniques. This
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measurement has revealed discrepancies between the previously calculated and observed
undercooling. These problems cannot be resolved without continuous temperature measurement
during the experiment. This may be accomplished by two=color pyrometry in the drop tube if
reflections can be eliminated. Continuous temperature measurement of drops cooled by
radiation could provide insight into the thermophysical properties of undercooled liquid metals
and should be pursued.
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TableI
RESULTSOF SINGLECOLORDATA EVALUATION FORTWELVENIOBIUMDROPS
Wavelength (nm) Radiance Temperature (K)
MeltinR [ 17] Nucleation
Standard Deviation
of Nucleation Temperature
655 2427.5 2108 4
900 2294.5 1998 4
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